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Abstract: The purpose of this study was to examine whether the administration of nickel (Ni) was associated with cell apoptosis and also
to evaluate whether post acute oral exposure to hyperoside would cause histopathologic alterations in rats. Four groups of male SpragueDawley rats (n = 7) used in this study were as follows: a control group and groups treated with Ni (as NiCI2, 13 mg/kg), hyperoside (Hyp)
(50 mg/kg), and Ni + Hyp. Routine histopathological examination methods such as hematoxylin and eosin (H&E), periodic acid–Schiff
(PAS), and Congo red staining for amyloid deposits were applied at the end of the experiment. In addition, biochemical analyses of
the rats’ brain tissues were carried out. Immunofluorescence (IF) labeling for active caspase 3 was used in the brain sections taken
from the Ni-administrated rats to demonstrate the effect of Hyp on the active caspase 3 expression. The rats treated with Ni (13 mg/kg
body weight) showed a significant reduction in antioxidant enzyme activities such as superoxide dismutase, catalase, and glutathione
peroxidase. Furthermore, a significant increase was observed in the levels of thiobarbituric acid reagents. Our data suggested that Ni
exposure may contribute to brain damage pathogenesis by mediating neuronal death and increasing the oxidative stress in the rat brain.
All these alterations were ameliorated by Hyp administration.
Key words: Brain, caspase 3, hyperoside, nickel

1. Introduction
Several studies have been conducted recently to
investigate whether essential metals contribute to the
pathophysiological processes of neurodegenerative
brain diseases (Bjorklund et al., 2012; James et al.,
2012). Disruption of metal balance is thought to play an
important role in the progression of brain damage (Crespo
et al., 2014).
Nickel (Ni) is a heavy metal with wide industrial uses.
Due to its robustness, conductivity, and heat resistance, it
is used in the production of stainless steel, jewelry, medical
equipment, Ni-plating, Ni steel alloys, and batteries.
Continuous processing of Ni-containing materials has
resulted in occupational exposure and contamination of
water, soil, and air (Muñoz and Costa, 2012). Ni is the most
frequently used metal allergen among various metals. Ni
is not only an allergen but also a potential immunotoxic
and immunomodulatory agent in humans (Thyssen and
Menne, 2010). Furthermore, excessive exposure to nickel
can be toxic or carcinogenic to several organs including
the brain, gonads, kidneys, skin, and liver (Yu et al.,
2018). Unfortunately, people are exposed to Ni by means

of consuming contaminated water and food (Evans et
al., 1995; Fu and Hu, 2019). The brain is one of the target
organs most affected by nickel toxicity (Yu et al., 2018).
People exposed to Ni may present various neurological
symptoms such as ataxia, lethargy, giddiness, headaches,
and tiredness (Denkhaus and Salnikow, 2002).
Within the flavonoid group, hyperoside (quercetin-3O-β-d-galactopyranoside, Hyp) is found in members of
the families Labiatae, Hypericaceae, and Rosaceae and the
genus Crataegus (Wang et al., 2016; Saddiqe et al., 2016;
Niu et al., 2017). In traditional medicine and clinical
research, it has been demonstrated that Hyp has some
valuable therapeutic effects on various disorders, such as
antiinflammatory, antioxidative, antihypoglycemic, and
vascular protective effects (Ku et al., 2015; Boukes et al.,
2016; Zhang et al., 2018). In another study, it was reported
that Hyp activated the signaling pathways, which induced
the apoptosis and inhibited lung cancer cell proliferation
(Lü, 2016).
Based on the findings of the studies mentioned above,
we decided to investigate the mechanism of induction
of nickel-induced brain injury in rats with the goal of
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understanding the possible neuronal risk for human
exposure. However, the effect of Hyp on Ni-induced brain
injury and the possible mechanisms involved remain
unclear and warrant further investigation. The current
knowledge on the neurotoxic effects of Ni is limited.
Therefore, the present study was carried out to investigate
the protection of Hyp in terms of its effect on the markers
of oxidative stress and neuronal apoptosis after the Ni
administration in rats. Furthermore, the antioxidant
capacity and antiapoptotic activity of Hyp were also
evaluated.
2. Materials and methods
2.1. Chemicals
The hyperoside (purity > 98%, molecular formula:
C21H20O12, molecular weight:
464.3763 g/mol) was
purchased from Aktin Chemicals, Inc. (Sichuan,
China). The dose of hyperoside used in this study was
reported previously (Chen et al., 2006). Nickel(II)
chloride hexahydrate (purity > 97%, molecular formula:
NiCI2.6H2O) was purchased from Tekkim Chemicals, Inc.
(Bursa, Turkey).
2.2. Animals
Twenty-eight healthy Sprague-Dawley male rats (weighing
250–280 g) were used in the experiment. The experimental
procedures were carried out in accordance with the
conditions for the maintenance and use of laboratory
animals (12 h light/12 h dark and 24 ± 3 °C). During the
experimental period, standard commercial rat feed (pellet
feed) and tap water were provided to the rats ad libitum.
The protocol for the use of animals was approved by
the National Institutes of Health and the Committee on
Animal Research (Protocol Number: 2019/07).
2.3. Experimental design
The rats were randomly divided into 4 equal groups, which
were arranged as follows: control group (not treated), Hyp
group (Hyp was administered at 50 mg/kg/day by gavage,
5 days), Ni group (Ni was administered at 13 mg/kg/day
intraperitoneally, 7 days), and Ni + Hyp group (Hyp was
administered at 50 mg/kg/day by gavage, 5 days and Ni at
13 mg/kg/day intraperitoneally, 7 days). Ni treatment was
started two days before Hyp application. The doses of Ni
and Hyp used in this experiment were selected based on
previous studies (Chen et al., 2006; Liapi et al., 2011).
2.4. Biochemical examination
The brain tissues were quickly removed and rinsed with
ice-cold saline for biochemical and histopathological
evaluation. The tissue samples were dried between two
filter papers and homogenized in distilled water. Then the
homogenate was centrifuged at 3500 rpm at 4 °C for 15
min to collect the supernatant for subsequent analysis.
The levels of thiobarbituric acid reactive substances
(TBARS) and the activities of superoxide dismutase

(SOD), catalase (CAT), and glutathione peroxidase (GPx)
in the homogenates of ipsilateral hemispheres tissues were
detected using commercial assay kits (TBARS Assay Kit,
Cat No: 10009055; SOD Assay Kit, Cat No: 706002; CAT
Assay Kit, Cat No: 707002; GPx Assay Kit, Cat No: 703102;
Cayman Chemical Co., Ann Arbor, MI, USA) according
to the manufacturer’s instructions.
2.5. Histopathological examination
The brain tissue samples were individually fixed in 10%
neutral-buffered formalin, dehydrated in alcohol, and
embedded in paraffin. The paraffin-embedded blocks
were serially sectioned (5 μm thick) using a Leica RM2135
microtome (Leica, Berlin, Germany). Sections were
deparaffinized and stained with hematoxylin and eosin
(H&E) using a periodic acid–Schiff (PAS) base (Sigma
Aldrich, Periodic Acid Schiff Kit) and Masson and Congo
red staining kits, respectively. Amyloid expression in
brain tissues was semiquantitatively assessed under light
microscopy in terms of number and severity of positive
neurons and tissue distribution (none: -, slightly: +,
intermediate: ++, high: +++). Obtained scores were
analyzed statistically using SPSS 20.0 for Windows (IBM
Corp, Armonk, NY, USA). Differences in measured
parameters among the groups were analyzed with a
nonparametric test (Kruskal–Wallis). Dual comparisons
between groups exhibiting significant values were
evaluated with a Mann–Whitney U-test (P < 0.05). Highresolution pictures of samples (200× and 400×) were taken
under light microscopy field using an Olympus B X 60
microscope (Nobakht et al., 2011; Suvarna et al., 2019).
2.6. Immunofluorescence
After deparaffinization of brain tissue sections, 3% H2O2
(hydrogen peroxide; 18304 - 1L, Sigma, Germany) solution
was applied dropwise on each slide for 10 min. Then the
slides were boiled in antigen retrieval solution (ab 96674,
Abcam, USA; pH 6.0) for 15 min to unmask the antigens.
After this process, the sections were incubated with
protein block solution (ab 80436, Abcam, USA) to prevent
nonspecific bindings for 15 min. PBS was used as the
interstep washing solution. Sections were incubated with
cleaved caspase 3 (NB600 - 1235, dilution: 1/250; Novus
Biologicals, USA) at room temperature for 45 min. Then
the primary antibody incubation sections were incubated
with the secondary polyclonal fluorescence antibody
goat pAB to Rb IgG (FITCH) (ab 6717, dilution: 1/100,
Abcam, USA) at room temperature for 45 min. Finally, all
sections were covered with slips by using glycerin diluted
1/9 with distilled water for evaluation under a fluorescence
microscopy system (Zeiss Scope A1 with Axio cam
ICc5 camera attachment system). Immunofluorescence
reactivity in brain tissues was semiquantitatively assessed
under fluorescence microscopy in terms of number and
severity of positive neurons and tissue distribution (none:
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-, slightly: +, intermediate: ++, high: +++). Obtained scores
were analyzed statistically using SPSS 20.0 for Windows.
Differences in measured parameters among the groups
were analyzed with a nonparametric test (Kruskal–Wallis).
Dual comparisons between groups exhibiting significant
values were evaluated with the Mann–Whitney U test (P
< 0.05).
2.7. Statistical analysis
The results were expressed as mean ± standard error. The
statistical significance between the different groups was
determined using one-way analysis of variance (ANOVA)
with GraphPad Prism 5.0 statistics software (GraphPad, La
Jolla, CA, USA). Tukey’s test was carried out for betweengroup comparisons using the Tukey multiple comparison
test. Analyses between two groups were carried out using
the Mann–Whitney U test. Statistical significance was set
at P < 0.05.
3. Results
3.1. Body weights
All animals survived the experimental period. A decrease in
weight gain was observed in the Ni-treated rats compared
to the controls (Figure 1). Ni treatment at 13 mg/kg caused
a decrease in weight gain compared to the control group
and the Hyp groups; however, there was no significant
difference between the control group and other groups in
terms of weight gain.
3.2. Biochemical observations
The activities of SOD, GPx, and CAT and the levels of
TBARS are presented in Figure 2. Our data showed a
prominent effect of Ni exposure on different oxidative

stress markers. Ni administration decreased the SOD,
GPx, and CAT (Figures 2A–2C) activities but significantly
increased the TBARS level compared to the control rats
(Figure 2D). Hyp administration prevented the reduction
of the antioxidant enzyme levels in the Ni-intoxicated
rats compared to the Ni group (Figures 2A–2C). This
drop in antioxidant enzyme activities contributed to the
accumulation of ROS, leading to an increase in the brain
TBARS levels (Figure 2D).
3.3. Effects of Hyp and Ni on brain histology
The histology of the cerebral cortex showed no
morphological change in the Hyp-treated group compared
to the control rats (the nontreated group). Blood vessels
(BV), pyramidal cells (PC), and glial cells (GC) appeared
normal in the control (Figure 3A) and Hyp (Figure 3B)
group. In Ni-treated and Ni + Hyp-treated groups,
inflammatory cells were observed in the brain tissues of
the rats (Figures 3C and 3D).
We examined the PAS granules in the rat brains using
PAS staining. This staining method is used to detect
macromolecules such as glycogen-containing glycans,
proteoglycans, and glycolipids (Spicer et al., 1961). In
this study, PAS reactivity labeled the granules more
homogeneously in the control (Figure 4A) and Hyp
(Figure 4B) groups than the Ni (Figure 4C) and Ni + Hyp
(Figure 4D) groups. Using PAS stain, we observed that
abnormal clusters accumulated in the brains. Clusters of
granules were observed in the brains of the rats in the Ni
(Figure 4C) and Ni + Hyp (Figure 4D) groups.
In our study, amyloid deposits were seen using Congo
red staining (Figure 5). Amyloid plaques were not found

Figure 1. Effect of Ni administration on body weight gain. Data are presented as
mean ± standard error of mean (SEM) (n = 7). a Significant differences between other
studied groups and control (a4 P < 0.0001). b Significant differences between other
groups studied and Hyp group (b1 P < 0.05, b4 P < 0.0001). c Significant differences
between other groups studied and Ni + Hyp group (c3 P < 0.001) by Tukey’s multiple
range tests.
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Figure 2. Effect of Hyp on brain antioxidant profile in rat: A) superoxide dismutase (SOD), B) glutathione peroxidase
(GPx), C) catalase (CAT), and D) thiobarbituric acid reactive substances (TBARS). Data are presented as mean ± SEM
(n = 7). a Significant differences between other groups studied and control (a1 P < 0.05, a3 P < 0.001, a4 P < 0.0001). b Significant
differences between other groups studied and Hyp group (b1 P < 0.05, b2 P < 0.01, b3 P < 0.001, b4 P < 0.0001). c Significant
differences between other groups studied and Ni + Hyp group (c2 P < 0.01, c3 P < 0.001, c4 P < 0.0001) by Tukey’s multiple
range tests.

in the control (Figure 5A) and Hyp (Figure 5B) groups.
Perivascular amyloid deposits were seen clearly in the
cerebral cortex in the Ni-treated groups (Figures 5C and
5D).
3.4. Immunofluorescence
Staining with cleaved caspase 3 revealed no significant
difference between the control group and the Hyp group in
terms of apoptosis. Significant differences were observed
between the control group (Figures 6A and 6B) and the
Ni-alone group (Figure 6C). Hyp administration reduced
Ni-induced apoptosis (Figure 6D).
4. Discussion
Today, the prevention and treatment of brain injury is
of key importance and remains a major challenge in
modern neurology. The possible toxicity of Ni in the living
body is due to many mechanisms such as disruption of

trace elements and iron homeostasis, interaction with
macromolecules, development and disruption of energy
metabolism, and induction of oxidative stress (Fourati et
al., 2019). In our present study, the negative effect of Ni
was first observed as weight loss in the animals; as a result
of the exposure to Ni, the body weight of the rats gradually
decreased (Figure 1). In order to assess the antioxidant
status of the brain, we evaluated the alterations of SOD,
CAT, and GPx activity. Our results showed a significant
decrease in the activities of SOD (Figure 2A), GPx (Figure
2B), and CAT (Figure 2C). This finding was consistent with
the Ni-induced brain damage described in previous studies
(Wang C et al., 2019; Wang Y et al., 2019). Herein, our
study indicated that the Ni exposure induced significant
oxidative damage in the brain tissue of rats. Our results
were consistent with those of a previous study, in which Ni
was found to cause an increase in oxidative stress (Ijomone
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Figure 3. Histological views of brain tissues of control (A), Hyp-treated (B), Ni-treated (C), and Ni + Hyp-treated (D) rats. Small
blood vessels (BV) from pia mater penetrate the cerebral cortex substance pyramidal cells (PC) with apical dendrites closely
associated with smaller, round glial cells (GC) (A and B). Perivascular inflammation around a blood vessel (inside square) (C)
and perivascular inflammatory cell infiltrates in hematoxylin and eosin-stained brain tissue (D) (200× magnification).

et al., 2018). Notably, these oxidative damages could be
efficiently prevented by Hyp pretreatment through its role
in reducing the oxidative stress.
The most commonly used indicators of lipid
peroxidation are TBARS products (De Sousa, 2019).
Therefore, TBARS levels were measured in the rat brain to
evaluate the Ni-induced lipoperoxidation and modulation
by Hyp. In the present study, as expected, we found that
Ni treatment caused an increase in the levels of TBARS
(Figure 2D). The results of the present study showed that
the administration of Hyp caused a significant reduction
in the TBARS levels.
When the brains of the rats were histopathologically
examined, no pathologic finding was observed in the
control group and the Hyp-alone group (Figures 3A and
3B). However, pyknotic darkly stained nuclei, apoptotic
cells, cytoplasmic vacuolations, and perivascular
inflammation were observed in the brain tissues of the
Ni-treated rats (Figure 3C). The pathologic findings
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observed in the Ni group significantly decreased with Hyp
administration (Figure 3D).
While mature PAS granules are highly structured,
immature PAS granules are characterized by sparse fibrils
or scattered membranous-like structures. Thus, PAS
granules seem to be formed via aggregations of damaged
components of various kinds (Manich et al., 2014). In our
study, nonhomogeneous accumulation of PAS granules
was observed especially in the Ni group (Figure 4C).
In addition to biochemical parameters, in order to
assess the Ni-induced structural damages to the brain,
histopathological changes were detected. Recent evidence
indicates that the severity of dementia can be correlated
with the Aβ load (Cummings and Cotman, 1995). Amyloid
plaques increase not only with various brain diseases
but also with aging in healthy people (Manaye et al.,
2007). Therefore, we investigated the effect of Hyp on the
aggregations of amyloid plaques. We showed the increased
quantity of plaques by Congo red staining in the Ni group
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Figure 4. Morphology and location of PAS granules of brain tissues of control (A), Hyp-treated (B), Ni-treated (C), and Ni
+ Hyp-treated (D) rats. Homogeneous PAS staining was observed in the control group (A) and the Hyp-treated (B) groups.
Clusters of granules shown inside square (C) and by black arrow (D), respectively (200× magnification).

(Figure 5C). There was a statistically significant difference
between the Ni and Ni + Hyp groups (P ˂ 0.05). Although
some mild positive signs for amyloid were observed
in the Hyp-treated group, there was no statistically
significant difference between the Hyp and control groups
(P ˃ 0.005). Rare amyloid deposits were detected in the
brains of the rats in the Ni + Hyp group (Figure 5D). As
is known, amyloid staining methods show accumulation
of protein. In conclusion, the brain function deteriorates
with amyloid depositions. For this reason, scientists have
been working on finding naturally occurring molecules
that can inhibit amyloid aggregation. Preliminary clinical
trials demonstrated that Hyp had an antidepressant action
through the extracellular signal-regulated kinase (ERK)BDNF signaling pathway (Zheng et al., 2012). Hyp also
inhibited the abnormal clusters accumulated in brain.
More importantly, in this study, we provided evidence
for the first time that Hyp administration affected the
pathology of the brain and reduced the amyloid deposits
(Figure 5D) and PAS granules (Figure 4D).

More significant effects on caspase 3 expression
were observed when using NiCl2; therefore, we chose Ni
treatment as a means of brain injury throughout our study.
Since inhaled Ni is mainly accumulated in the cerebral
cortex and the whole brain, the nervous system is widely
considered as the main target of Ni toxicity (Topal et al.,
2015). Ni treatment influences the caspase 3 expression in
the brain. In our study, there was a statistically significant
difference between the Ni and Ni + Hyp groups (P ˂ 0.05).
In our previous study with another active ingredient
known to have antioxidant effects, we obtained similar
results in terms of caspase 3 expression (Deniz et al., 2020).
Caspase 3 is an effector or executioner caspase, which is
activated in cells undergoing apoptosis by both extrinsic
and intrinsic (mitochondrial) pathways (Ghavami et al.,
2009). Brain injury by Ni may be due to the Ni-induced
apoptosis in neurons. To evaluate these processes, the
levels of caspase 3 were measured. The results indicated
that the Ni expression in cells activated caspase 3 (Figure
6), which subsequently cleaved its substrates and initiated
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Figure 5. Brain tissues of control (A) and Hyp (B) groups were negative for Congo red. Amyloid deposits in brain
parenchyma and around blood vessels shown inside square (C) and marked by black arrows (D) (200× magnification).
Differences in measured parameters among the groups were analyzed with a nonparametric test (Kruskal–Wallis).
Dual comparisons between groups exhibiting significant values were evaluated with a Mann–Whitney U test (P < 0.05).

the neuronal apoptotic pathway. These data demonstrated
that the caspase 3 gene was downregulated by Ni.
Administration of Hyp significantly inhibited the caspase
3 activities induced by Ni in rat brains. A recent study
showed that decreased caspase 3 expression was associated
with the treatment of Hyp (Shi et al., 2019). Our present
study also suggested that Hyp had a potential antiapoptotic
effect on neurons.
In conclusion, our study showed that Ni induced
neurodegeneration in the brain. Moreover, our findings
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demonstrated that Ni caused a significant increase in the
amyloid clusters and PAS granules accumulated in the
brain. Our data revealed that Hyp could modulate and
mediate the cytoprotective effects and the upregulation of
the intracellular antioxidant enzyme system, suggesting a
potential therapy for brain injury in rats.
Conflict of interest
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Figure 6. (A) Neurons of brain tissue of control group (arrows). (B) Mild positive signs in neurons of Hyp-treated group
(arrows). (C) Severe positive signs in neurons of Ni-treated group (arrows). (D) Mild positive signs in neurons of Ni + Hyptreated group (arrows) (IF, 20 µm).
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